Extraction of regional physiological data from PET or SPECT scans with respect to specific neu roanatomical structures is a difficult and yet unre solved problem. Fox et al. (1985b) proposed a ste reotaxic method of anatomical localization for ex-traction of regional physiological values from PET scans. The reason for developing such a method is based on the assertion that regional analysis of a physiologic measurement has meaning only when the anatomical structure that corresponds to each
area within the tomographic image is known. Two questions have been raised with respect to applica tion of their method. The first is what degree of error is introduced into region placement by indi vidual differences in brain volume, structures, and symmetry. A second question, as raised by Duara (1985) , is how practical the method is with respect to the clinical reality of PET scanning.
However, a more fundamental question is whether a perfect spatial knowledge of the neuro anatomy underlying a PET image will provide a true or accurate estimate of the regional activity for the structure of interest. The assumption, implicit in the Fox et aI. (l985b) method, is that functional images and neuroanatomical regions are spatially isomorphic with respect to isotope concentration. Restated, their assumption is that if one knows the neuroanatomical region or structure directly under lying (i.e., corresponding to) a pixel or set of pixels in a PET scan, then the isotope concentration mea sured in those pixels will be reflective of the physi ological/biochemical metabolic activity occurring in the specified neuroanatomical structure. However, this assumption is tenable if and only if the PET scanner of choice has perfect resolution. At this time the newer scanners have a working resolution (FWHM) of 8-10 mm, and for the next generation of scanners, an optimistic estimate would be �4 mm (Hoffman et aI., 1985) .
The first purpose of the present position paper is to illustrate that, owing to imperfect or limited reso lution of PET scanners, the actual pixel values ex tracted from a PET scan may not reflect the con centration of radioactivity immediately underlying those pixels. Rather, these values are the cumula tive sum of the activity over an area determined by the resolution of the scanner. Therefore, regional concentration associated with a perfectly located neuroanatomical area may be the direct result of the concentrations in adjacent tissue, not the con centrations in the area of interest per se. If one ac cepts this position, then drawing neuroanatomical inferences regarding regional physiological function from PET data becomes questionable even in the case where a perfect neuroanatomical coordinate system is available.
The reason for questioning the isomorphism as sumption is clear if one considers a simple hypo thetical situation where two point sources are in a cold background. The line spread functions of these two sources are, for simplicity, assumed to be Gaussian and are presented in spread functions at each point along the line. In case I, points 1 and 3 are separated by a distance of 2 FWHM, whereas in case II the separation is 1.5 FWHMs. It is apparent from the construction of the situation that the actual concentration of radio activity at a point equidistant between points 1 and 3 (i.e., point 2 in Fig. 2) is not different from back ground. However, the measured concentration would be �8 units in case I, hence, the same as the sources 1 and 3. In case II the measured concentra tion for point 2 would be approximately 11 units, considerably greater than either source, The levels of activity measured at point 2 are not reflective of the actual activity at point 2 in either case. More over, in neither case did the actual activity at point 2 change, yet the difference in actual measured value is 3 units. This failure to estimate accurately the regional activity at point 2 is not a function of being able to accurately locate point 2; rather, it is an interaction of the inherent scanner resolution with the activity of adjacent regions. The definition of "adjacent" in quantitative terms is dictated by scanner resolution. At this time "adjacent" can be as great a distance as 1.78 cm for the Ee AT II in FDG studies or 1.4 cm for the PET VI in blood flow studies (Phelps et aI., 1978; Fox et aI., 1985b) . The above argument is based on the contention that the accuracy of a procedure is determined by the accuracy of the measurement with the greatest amount of error. In the procedure proposed by Fox et aI., two independent sets of measurements, one of neuroanatomical localization and one of physio logical activity, are assumed to be perfectly corre lated spatially. However, even though one set of measurements may be internally perfect, the upper limit on spatial accuracy between the two measures is dictated by the more spatially inaccurate mea surement, in this case the PET image. Therefore, because the value associated with a pixel or set of pixels in a PET image is not perfectly reflective of the activity directly underlying that pixel or set of pixels, a set of pixel values cannot reflect the re gional activity of the underlying neuroanatomy re gardless of how accurately the underlying structure is spatially identified or located in the PET image.
The second purpose of this essay is to argue that visual data extraction procedures need not be sub jective, as suggested by Fox et al. (l985b) . For the evaluation of a data extraction procedure, four fun damental properties are reliability, sensitivity, target concept, and bias. Reliability, in this case, implies that if the data extraction procedure is re peated independently, the same regional values will be extracted. Automated procedures such as those advocated by Fox et al. (l985b) and Buchsbaum et al. (1982) are inherently reliable once certain pa rameters are defined. The Fox et al. procedure re quires delineation of the stereotaxic markers for the spatial transformations, whereas Buchsbaum et al. 's peel technique requires the visual identifica tion of appropriate slices to be peeled. Once these parameters are set, the data extraction procedure is automatic and the value for a specific area will always be the same. However, whether or not these specified areas are the same neuroanatomically or functionally across different subjects cannot be de termined. Moreover, the latitude for individual dif ferences is limited. For example, the Fox et al. pro cedure does attempt to control for brain volume, but it does not control for intrahemispheric differ ences in shape or size. For a visual extraction pro cedure to be reliable, it must be shown that the re gional values extracted from a study by two inde pendent but trained raters coincide or agree. If this property can be demonstrated, then the procedure is reliable and not subjective. Using such a proce dure, we have found interrater reliability coeffi cients of �0.95 with differences in metabolic rates of < 1 % on extractions done on the same subject over 50 regions of interest. These findings clearly indicate that visual extraction of data can be done reliably.
Once physiological data have been extracted ei ther automatically or visually, the question of sensi tivity can be addressed. Sensitivity can be defined as demonstrating differences among groups or changes among stimulation or treatment condi tions. Although there are many potential explana tions for failing to reject the null hypothesis in a PET experiment, one possible explanation may be that the data extraction system is extremely reliable but very insensitive. At this time, both visual and automated data extractions have produced encour aging results, suggesting that both are sensitive to difference. However, there have been no direct comparisons of the techniques in the literature.
Data extraction schemes may also differ in terms of target concepts. Fox et al. (l985b) argue strongly for a neuroanatomical basis for the interpretation of PET images. In contrast, visual analysis proce dures are an attempt to work directly with the func tional physiological image. For convenience, la beling can be adopted that is consistent with neuro anatomical nomenclature. Because it has not been determined whether the concepts of functional physiology, functional neuroanatomy, and struc tural neuroanatomy are spatially convergent, varying the target concept of the data extraction procedure will provide insight into this question. For example, the available evidence from cortical electrical stimulation studies suggests considerable individual variability in terms of the fit between functional and structural anatomy (Penfield and Roberts, 1959) . Until this issue is addressed with more precision, to advocate one procedure over another seems premature and potentially limiting.
A fourth concept that should be addressed is whether bias is introduced by the extraction proce dure. Neither the Fox et al. (1985b) procedure nor visual analysis systems control or consider the problem of brain asymmetry, whether functional, structural, or artifactual. Given the increasing em phasis on asymmetry and pathology, developing methods for evaluating and comparing potential bias in data extraction procedures would be worth while.
Mazziotta (1984) suggests that the ideal solution for the data extraction problem would be an accu rate three-dimensional system. Given that such a system does not exist, the question arises of whether it is better to opt for a common or standard system or to continue with the different approaches that are being and have been evolved. The advan tages of a standard system have been presented elsewhere in this position paper. There are, how ever, a number of disadvantages to such a system, and hence advantages to the current state of affairs. The last section will briefly review these points.
The first disadvantage to any standard scheme of data extraction is that it must have a target concept or principle. As has been discussed, there is debate among experimenters over what the target concept should be. The second disadvantage of adapting a standard extraction is the potential introduction of procedure-dependent bias. Moreover, the presence of such a methodological bias could not be demon-strated because appropriate comparative data would not be available. Rather, tautologies might actually develop owing to the lack of negative or conflicting evidence.
The third problem of such a procedure is that the generalization of results becomes extremely lim ited. With respect to experimental design, one has far more confidence in a finding or phenomenon when it has been demonstrated under different con ditions. With regard to PET, the level of confidence that a particular abnormality is associated with a particular disease or state will be much higher if the finding is replicated on a different sample using a different data extraction procedure than when repli cated using the same procedure. If the data extrac tion procedures were the same in two hypothetical studies, then the finding could be a function of the data extraction procedure. Currently, when incon sistent results are reported by different PET groups, one is forced to consider how these dispar ities might have arisen. From this type of examina tion, a greater understanding of the problems can evolve and better methods can be developed. An example of this scientific process is the studies with J Cereb Blood Flow Metab. Vol. 7, No.2, 1987 conflicting results concerning the relationship be tween regional glucose metabolism and normal aging (Kuhl et aI., 1982; Duara et aI., 1983) . In this context it is of import to realize that scientific knowledge advances in part by the conduct of ex periments that are internally sound and replicable but also in part by the conduct of varied and dif ferent experiments. Therefore, one means of ad vancing scientific knowledge or understanding is varying the methods. Within the PET literature, there is considerable debate concerning what good scanner properties are, e.g., high resolution/high noise versus low resolution/low noise (Derenzo et aI., 1985) . Such debate is obviously integral to de veloping better scanners and better understanding of imaging problems with specific organs, pro cesses, etc. At this time it seems to this author in opportune to define, either overtly or covertly, the acceptable or optimum method of data extraction. However, defining the minimal properties (e.g., re liability) necessary for a method to be acceptable scientifically is a worthwhile endeavor. By adopting such a position, scientific rigor can be ensured, but not at the expense of scientific exploration.
